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Transcription factorThe dysfunction of vascular endothelial cells (ECs) inﬂuenced by ﬂow shear stress is crucial for vascular
remodeling. However, the roles of nuclear envelope (NE) proteins in shear stress-induced EC dysfunction are
still unknown. Our results indicated that, compared with normal shear stress (NSS), low shear stress (LowSS)
suppressed the expression of two types of NE proteins, Nesprin2 and LaminA, and increased the proliferation
and apoptosis of ECs. Targeted small interfering RNA (siRNA) and gene overexpression plasmid transfection re-
vealed that Nesprin2 and LaminA participate in the regulation of EC proliferation and apoptosis. A protein/DNA
array was further used to detect the activation of transcription factors in ECs following transfection with target
siRNAs and overexpression plasmids. The regulation of AP-2 and TFIID mediated by Nesprin2 and the activation
of Stat-1, Stat-3, Stat-5 and Stat-6 by LaminAwere veriﬁedunder shear stress. Furthermore, using Ingenuity Path-
way Analysis software and real-time RT-PCR, the effects of Nesprin2 or LaminA on the downstream target genes
of AP-2, TFIID, and Stat-1, Stat-3, Stat-5 and Stat-6, respectively, were investigated under LowSS. Our study has
revealed that NE proteins are novel mechano-sensitive molecules in ECs. LowSS suppresses the expression of
Nesprin2 and LaminA, which may subsequently modulate the activation of important transcription factors and
eventually lead to EC dysfunction.
© 2015 Elsevier B.V. All rights reserved.1. IntroductionVascular endothelial cells (ECs) covering the inner surfaces of blood
vessels are constantly exposed to ﬂuid shear stress created by blood
ﬂow. Homeostasis of ECs is required formaintaining vascular physiolog-
ical functions and protection against pathophysiological changes,
such as atherosclerosis [1]. Atherosclerosis develops preferentially at
branches and curvatures of arterial trees, where blood ﬂow patterns
are low or disturbed [2]. ECs respond to changes in local shear stress,
which subsequently lead to the alterations in gene expression, the
metabolism of biochemical substances or cellular functions, such as
proliferation, apoptosis, differentiation and migration [2]. The exposure
of ECs to shear stress activates multiple mechanosensors, includingalcells;HRP,horseradishperox-
brane; IPA, ingenuity pathway
owSS, lowshear stress;NC,neg-
ress; ONM, outer nuclearmem-
interfering RNAs; TAFs, TBP-
nsmissionelectronmicroscope;
& Medical Engineering, School
University, P.O. Box 888, 800
.: +86 21 34204863; fax: +86membrane glycocalyx [3], membrane proteins, such as integrins [4],
G proteins and G protein-coupled receptors [5], receptor tyrosine
kinases [6] and Ca2+ channels [7]. It has also become clear that the
cytoskeleton forming the internal scaffold can sense and absorb theme-
chanical loading of the cell [8]. However, it remains unclear, besides
mechanosensors located on membrane structures and cytoskeleton,
whether nuclear skeletal elements, such as nuclear envelope (NE)
proteins, are mechano-sensitive and affect EC behaviors.
Our previous proteomic analysis revealed that LaminA, which is a
major protein constituent of the mammalian nuclear lamina, may
participate in modulating EC proliferation and migration during shear
stress application, suggesting that NE proteins may be mechano-
responsive molecules that contribute to vascular remodeling [9]. The
nucleus is the largest and stiffest organelle in the cell, and it is the site
of transcriptional regulation and contains the genome [10]. NE proteins
maintain the skeletal structure of the nucleus, but their roles in
mechano-sensing and gene expression regulation are still unclear.
TheNE is composed of the outer nuclearmembrane (ONM),which is
continuous with the endoplasmic reticulum, the inner nuclear mem-
brane (INM), and the nuclear lamina underlying the INM [11]. Nesprin
proteins at the ONM contain an N-terminal actin-binding domain in
the cytoplasm and a C-terminal transmembrane domain, which inter-
acts with the INM, in the perinuclear space [12]. The nuclear lamina,
which is composed of LaminA and C (A-type lamins) and LaminB1
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transcription [11,13]. LaminA, which is expressed in all differentiated
cell types, participates in tissue-speciﬁc gene expression, cell signaling
and maintenance of the nuclear structure. Defects in LaminA result
in several diseases, such as cardiomyopathy, muscular dystrophy,
lipodystrophy, and so on [14]. Because our previous work revealed
that LaminA might contribute to vascular remodeling during shear
stress application [9], we hypothesized that NE proteins are novel
mechano-sensitive molecules that participate in the EC functions
regulated by shear stress.
In the current study, two core components of NE proteins, Nesprin2
and LaminA, were studied. Using a parallel ﬂow chamber system, the ef-
fects of Nesprin2 and LaminA on EC proliferation and apoptosis under
shear stress were ﬁrst investigated. Furthermore, the interrelationship
between the changed expression of NE proteins and the activation of
transcription factors (TFs), and their downstream target genes were
demonstrated. The aim of the current study was to understand how
NE proteins mediate EC proliferation and apoptosis in response to
shear stress.
2. Materials and methods
2.1. Cell culture and shear stress loading
The animal care and experimental protocols conformed to the
Animal Management Rules of China (Documentation 55, 2001, Ministry
of Health, China), and the investigation was approved by the Animal
Research Committee of Shanghai Jiao TongUniversity. Primary rat aortic
ECs were obtained by the digestivemethod [15] and grown in Clonetics
EGMTM-2 Endothelial Cell Growth Medium-2 (Lonza, USA). ECs
between passages 2 and 4 and cell populations with more than 95%
purity were used in all experiments. The ECs were characterized by im-
munohistochemical staining for vonWillebrand factor (Dako, Denmark).
A parallel-plate ﬂow chamber systemwas used [9]. ECswere seeded
onto the outer side of a polyethylene terephthalate (PET) membrane
(Becton Dickinson Labware, NJ) at a density of 2 × 105 cells per cup.
For the co-culture system, VSMCs were seeded onto the inner side of
the membrane. For the mono-culture system, the inner side of the
membrane was kept unseeded (Supplementary Fig. 1). Laminar ﬂow
is generated by the pressure difference between the upper and lower
reservoirs. The ﬂow path is 28 mm in width (w) and 200 μm in height
(h). Shear stress (τ, dyn/cm2) intensity is calculated using the formula
τ= 6 μQ/wh2, where μ is the viscosity of the medium (poise), and Q is
the ﬂow rate (ml/min). A normal laminar shear stress was applied of
15 dyn/cm2. Thus, the ECs were subjected to shear stress for 6, 12 and
24 h. Flow-loading experiments were performed at 37 °C in an incuba-
tor with 5% CO2. Normal shear stress (NSS, 15 dyn/cm2) and low shear
stress (LowSS, 5 dyn/cm2) were applied to the ECs for 6, 12 and 24 h.
2.2. Western blotting analysis
For the detection of protein expression levels, EC lysateswere subject-
ed to electrophoretic separation with freshly prepared 10% SDS–PAGE
gels and transferred to nitrocellulose membranes (Amersham, USA).
After a blocking step with 5% of non-fat milk, the membranes were incu-
bated with speciﬁc antibodies overnight at 4 °C. Western blots were per-
formed using antibodies against Nesprin2 (Santa Cruz Technologies,
1:500), LaminA (Santa Cruz Technologies, 1:500), GAPDH (Proteintech
Technologies, 1:1000), AP-2 (Proteintech Technologies, 1:500), TFIID
(Proteintech Technologies, 1:500), Stat-1 (Cell Signaling Technologies,
1:500), phospho-Stat-1 (Cell Signaling Technologies, 1:500), Stat-3 (Cell
Signaling Technologies, 1:500), phospho-Stat-3 (Cell Signaling Technolo-
gies, 1:500), Stat-5 (Cell Signaling Technologies, 1:500), phospho-Stat-5
(Cell Signaling Technologies, 1:500), Stat-6 (Cell Signaling Technologies,
1:500), and phospho-Stat-6 (Cell Signaling Technologies, 1:500). The
stains were deposited by a BCIP/NBT phosphatase substrate system(KPL, USA), scanned with an image scanner (Amersham Biosciences,
USA), and quantiﬁed using Quantity One software (Bio-Rad, USA).
2.3. RNA extraction and SYBR Green Real-Time PCR Assay
Total RNAwas extracted using TRIZOL reagent (Invitrogen, Carlsbad,
CA). Optimization reactions consisting of different annealing tempera-
tures and different primer concentrationswere performed to determine
the most appropriate annealing temperature (Ta) and primer concen-
tration. Negative controls were run with each experiment. Real-time
RT-PCR was performed using a Quanti-Tect SYBR Green PCR Kit
(Bio-Rad) with 1 μl of cDNA using an iCycler (Bio-Rad). Ampliﬁcation
of target genes and the reference gene (GAPDH) were performed in
triplicate, and PCR products were veriﬁed via melt curve analysis
and agarose gel electrophoresis. The results were normalized to the
GAPDH expression levels, and relative gene expression was measured
by the 2−ΔΔCT method.
2.4. Small interference RNA to knockdown Nesprin2 or LaminA
The double strands of small interfering RNAs (siRNAs) targeting
Nesprin2 were as follows: 5′-CCAG UGUA GAAU CAAC AUAT T-3′ and
5′-UAUG UUGA UUCU ACAC UGGT T-3′. The sequences of the siRNAs
targeting LaminA were as follows: 5′-CAGG UCUG AAGC CAAA GAAT
T-3′ and 5′-UUCU UUGG CUUC AGAC CUGT T-3′.
For RNA interference studies, cells were seeded into 6-well cell
culture plates at a density of 2 × 105 cells. After an 8-hour incubation
to allow for attachment, the cells were transfected with siRNAs and
LipofectamineTM 2000 (Invitrogen) according to the manufacturer's
instructions. Brieﬂy, 100 nmol siRNAs and 5 μl LipofectamineTM 2000
were diluted in serum- and antibiotic-free opti-MEM (Invitrogen) at a
ﬁnal volume of 800 μl. After mixing for 20 min at room temperature,
the siRNA/LipofectamineTM 2000 mixture was added dropwise onto
the cells and incubated at 37 °C in a humidiﬁed CO2 incubator. Non-
silencing siRNAwith no known homology to rat genes was synthesized
as a negative control (NC).
2.5. Plasmid construction and transfection
Full-length Nesprin2 and LaminA fragments were obtained by PCR
ampliﬁcation from rat cDNA with the following primers: Nesprin2: 5′-
ACGT AAGG ATCC GATG GCAT CTAG TCCT GAGC T-3′ and 5′-GCGG
AACC GAAT TCTC ACAA GTAG CTGG CACA AG-3′; and LaminA: 5′-
ACGT AAGG ATCC GATG GAGA CCCC GTCT CAGC-3′ and 5′-GCGG
AACC GAAT TCTC AGCG GCGG CTGC CAC-3′. Then, the fragments were
subcloned into a pcDNA3.1(+) vector (Invitrogen, USA) with BamHI
and EcoRI restriction sites (New England BioLabs, USA). Both of the
plasmid constructs were veriﬁed by DNA sequencing.
For plasmid transfection, optimization reactions using different
transfection reagents were performed to determine the most efﬁcient
protocol. Using a Basic Nucleofector Kit for Primary Mammalian Endo-
thelial Cells (Amaxa, Germany), 3 μg of Nesprin2 or LaminA plasmid
was transfected into 5 × 105 ECs with the programA-33 of Nucleofector
II (Amaxa, Germany).
2.6. Cell proliferation assay
Cell proliferationwas analyzed using an in situ BrdU kit (RocheDiag-
nostics, Germany) by ﬂuorescence microscopy. Generally, ECs were la-
beled with 10 μM BrdU for 3 h under different conditions. After
labeling, the cells were incubated with an anti-BrdU-FLUOS antibody
for 1 h at 37 °C in a humidiﬁed atmosphere in the dark and evaluated
by laser-scanning confocal microscopy (Olympus FV1000, Japan) using
wavelengths of 488 nm for excitation and 515 nm for detection. The nu-
clei of all cells were visualized using PI (Invitrogen, USA).
1167Y. Han et al. / Biochimica et Biophysica Acta 1853 (2015) 1165–1173The cell cycle was assessed by ﬂow cytometric analysis with
FACSCalibur (BD, USA), and the proportions of cells at the G0/G1, S,
and G2/M phases were analyzed with ModFit software. The prolifera-
tion index (S + G2/M) / (G0/G1 + S + G2/M) was then calculated.2.7. Cell apoptosis assay
Cell apoptosis was detected with an annexinV-FITC apoptosis detec-
tion kit (Roche Diagnostics, Germany) according to the manufacturer's
instructions. Brieﬂy, cells were collected, washed twicewith PBS, gently
resuspended in annexinV binding buffer, incubated with annexinV-
FITC/PI in the dark for 10 min, and analyzed by ﬂow cytometry using
FACSCalibur (Becton, Dickinson and Company, USA). In the scatter
diagrams of the FACS assay, the x-axis represents annexinV-FITC
ﬂuorescence, and the y-axis depicts PI ﬂuorescence. The upper right
quadrant indicates the necrotic cells, the lower right indicates the
apoptotic cells, and the lower left shows the living cells.2.8. Transcription factor array analysis
Nuclear proteins were prepared from ECs transfected with siRNA or
an overexpression plasmid by using a nuclear extraction kit (Panomics,
USA) following the manufacturer's instructions. TranSignal Protein/
DNA Arrays I (Panomics, USA), which identify sequence-speciﬁc DNA-
binding property of 54 transcription factors (TFs), were used according
to the manufacturer's directions. In general, nuclear extracts from ECs
were incubated with TranSignal probe mix (Panomics) containing 54
biotin-labeled double-stranded DNA oligonucleotides for 30 min at
15 °C. The biotin-labeled oligonucleotides that were speciﬁcally bound
to the TFs were eluted and hybridized to a TranSignal array membrane
containing oligonucleotides. The blots were thenwashed and incubated
with horseradish peroxidase (HRP)-conjugated streptavidin according
to the manufacturer's instructions. Hybridization signals on the array
were detected using standard chemiluminescence procedures with
Hyperﬁlm ECL (2–10 min). Relative spot intensities were determined
using ScanAlyze software to obtain numerical data for comparisons.
All changes that were more than 2-fold or less than 0.5-fold were
considered signiﬁcant [16].2.9. Ingenuity Pathway Analysis
Transcriptional regulatory networks of TFs with signiﬁcant P values
(P b 0.05) were generated by the Ingenuity Pathway Analysis (IPA)
server (http://www.ingenuity.com/products/ipa), which integrated
more than 5millionmanually curated biologicalﬁndings and 1.5million
interaction relationships derived from the Ingenuity Pathways Knowl-
edge Database Literature [17].2.10. Transmission electron microscope (TEM) analysis
ECs were transfected with Nesprin2 or LaminA target siRNA under
static conditions. Sample preparation was followed as previously
described [18]. Ultrathin sections were prepared with an Ultratome
(UC6-FC6, Leica, Germany), counterstained with uranyl acetate and
lead citrate, and observed under an electron microscope (Tecnai G2
Spirit, FEI, USA).2.11. Statistical analysis
All results were expressed as themean± SD from at least ﬁve inde-
pendent experiments for each condition. The statistical signiﬁcance of
the results was evaluated with one-way ANOVA. P values of lower
than 0.05 were considered statistically signiﬁcant.3. Results
3.1. Low shear stress repressed expression of Nesprin2 and LaminA and
accelerated proliferation and apoptosis of mono-cultured ECs
ComparedwithNSS, LowSS signiﬁcantly decreased the expression of
Nesprin2 and LaminA at 6 h, 12 h, and 24 h (Fig. 1A). These results
indicated that the expression of NE proteins in the ECs was affected by
shear stress.
Compared with NSS, LowSS applied for 12 h signiﬁcantly increased
the proliferation of the ECs, which was detected by BrdU immunoﬂuo-
rescence, and the proliferation index was assessed by ﬂow cytometry
(Fig. 1B). Apoptosis in the LowSS group was also increased compared
with the NSS group (Fig. 1C). These results implied that LowSS induced
the dysfunction of the ECs. The accompanying variation in NE protein
expression and EC dysfunction after shear stress application suggested
that NE proteins might participate in the modulation of shear stress to
promote EC homeostasis.
3.2. Repressed expression of NE proteins induced proliferation and apoptosis
of ECs
Because NE protein expression was decreased by the application of
LowSS, the roles of the repressed NE proteins on EC proliferation and
apoptosis were further analyzed using their respective speciﬁc siRNAs.
Under the static condition, transfection of the Nesprin2-targeted
siRNA speciﬁcally decreased the expression of Nesprin2. In addition,
the silencing of LaminA also resulted in a signiﬁcant decrease in LaminA
expression (Fig. 1D).
Both Nesprin2 and LaminA “silencing” increased proliferation and
apoptosis signiﬁcantly in the ECs under the static condition (Fig. 1E
and F). Considering the effects of shear stress on NE protein expression
and EC functions, our results suggested that LowSS repressed the
expression of NE proteins, whichmight have contributed to the regula-
tion of EC proliferation and apoptosis.
3.3. Overexpression of Nesprin2 and LaminA reversed the effects of LowSS
To gain further insight into the role of NE proteins in LowSS-induced
EC proliferation and apoptosis, Nesprin2 and LaminA overexpression
plasmids were constructed. In comparison to the pcDNA3.1 (+) vector
control, the expression levels of Nesprin2 and LaminA were increased
by more than 3-fold in the ECs transfected with the Nesprin2 and
LaminA overexpression plasmids, respectively (Fig. 2A).
After transfection of the ECs with the Nesprin2 or LaminA overex-
pression plasmids, these cells were subjected to LowSS. Compared
with the pcDNA3.1 (+) control, both Nesprin2 and LaminA overexpres-
sion signiﬁcantly repressed EC proliferation and apoptosis (Fig. 2B, C).
LowSS downregulated the expression of Nesprin2 and LaminA, and
also accelerated EC proliferation and apoptosis. However, these effects
could be reversed by the overexpression of Nesprin2 or LaminA. These
results suggested that Nesprin-2 and Lamin A had crucial roles in main-
taining the normal homeostasis of the ECs.
3.4. Varied expression of Nesprin2 and LaminA regulated the activation of
TFs in ECs
It has been reported that NE proteins have roles in regulating DNA
synthesis, chromatin organization and gene transcription [14,19]. There-
fore, protein/DNAarrayswere used to identify the TFs that are involved in
the EC dysfunction modulated by NE protein expression. ECs transfected
with Nesprin2- or LaminA-targeted siRNA and a Nesprin2 or LaminA
overexpression plasmid were used for a protein/DNA interaction array
to analyze the activities of 54 different TFs (Panomics Inc., USA).
Relative spot intensities were recorded, and changes of more than
2-fold or of less than 0.5-fold compared with the control were classiﬁed
Fig. 1. Shear stress regulated the expression of Nesprin2 and LaminA, which modulated EC proliferation and apoptosis. (A) The expression levels of Nesprin2 and LaminA in ECs were
downregulated following LowSS applications for 6 h, 12 h and 24 h. (B) LowSS applied for 12 h signiﬁcantly increased the proliferation of ECs compared with the NSS group. (upper)
The images depict typical BrdU immunoﬂuorescence results, in which the ECs are dyed with propidium iodide (red), and the BrdU-positive cells are shown in green. Bar = 40 μm.
(lower) The histogram shows the proliferation index as calculated by (S + G2/M) / (G0/G1 + S + G2/M) and veriﬁed by ﬂow cytometric analysis. (C) LowSS remarkably increased
the apoptosis of ECs, which was detected by annexinV-FITC and ﬂow cytometric analysis. (D) Nesprin2 or LaminA RNA interference (RNAi) remarkably suppressed the expression of
Nesprin2 and LaminA, respectively, under static conditions. (E) Suppression of the expression of Nesprin2 and LaminA in the ECs increased cell proliferation. (upper) The images depict
typical BrdU immunoﬂuorescence results. Bar = 40 μm. (lower) The histogram shows the proliferation index, which was determined by ﬂow cytometric analysis. (F) Suppression of the
expression of Nesprin2 and LaminA in the ECs increased cell apoptosis. Non-silencing siRNAwith no known homology to rat genes was synthesized as a negative control (NC). The values
represent the mean ± SD. * P b 0.05 vs. the NSS group or NC (n= 5).
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HSE, the activation of which was increased by more than 2-fold in the
ECs transfected with Nesprin2-targeted siRNA and decreased less than
0.5-fold in the ECs overexpressing Nesprin2 (Fig. 3B and E, Supplemen-
tary Table 1). In the ECs transfected with the LaminA-targeted siRNA
and overexpression plasmid, there were 10 TFs the activation of which
was decreased by less than 0.5-fold by repressed expression of LaminAFig. 2. Overexpressed Nesprin2 and LaminA reversed the effects of LowSS on the proliferation a
bymore than three-fold in the ECs under the static condition. (B) Overexpression of Nesprin2 or
BrdU immunoﬂuorescence results. Bar = 40 μm. (lower) The histogram shows the proliferation
decreased the apoptosis of ECs under LowSS. ECs transfected with a blank pcDNA3.1 (+) vect
control (n= 5).and the expression of which was increased by more than 2-fold by
overexpression (Fig. 3C and F, Supplementary Table 1).
To corroborate the results of the protein/DNA interaction array, the
effects of Nesprin2 on the expression of AP-2 and TFIID and the effects
of LaminA on the phosphorylation of Stat family members, including
Stat-1, Stat-3, Stat-5 and Stat-6, were then veriﬁed. The expression levels
of AP-2 and TFIIDwere found to be remarkably promoted by the silencingnd apoptosis of ECs. (A) Overexpression of Nesprin2 or LaminA increased their expression
LaminA repressed the proliferation of ECs under LowSS. (upper) The images depict typical
index, as veriﬁed by ﬂow cytometric analysis. (C) Overexpression of Nesprin2 or LaminA
or plasmid were used as a control. The values represent the mean ± SD. * P b 0.05 vs. the
Fig. 3. The effects of Nesprin2 and LaminA on the activation of transcription factors (TFs). (A) Clustering analysis based on the protein/DNA interaction array showed the TFs that were
altered by more than 2-fold or less than 0.5-fold by Nesprin2 or LaminA RNA interference (RNAi), respectively. A color bar is shown at the top of the ﬁgure. Pseudocolors indicate the
relative activities of the different TFs. (B) After the suppression of the expression of Nesprin2 by RNAi, the activation of SMAD-3/4 (1) and TFIID (2), which are shown as spots above
the top-left of the diagonal pink line, was increased more than 3-fold, and the activation of GATA (3), which is depicted as the spot below the lower-right of the diagonal pink line,
was decreased less than one-third-fold. The standard values of the 54 TFs are displayed on the scatter plots. (C) After the suppression of the expression of Lamin A by RNAi, the activation
of Stat-5 (1), TR (2), SRE (3), Stat-4 (4), and Stat-6 (5), which are shown as spots below the lower-right of the diagonal pink line, were decreased by less than one-third-fold. (D) Clustering
analysis based on the protein/DNA interaction array showed that the TFs changed bymore than 2-fold or less than 0.5-fold by Nesprin2 or LaminA overexpression, respectively. The color
bar is shown at the top of theﬁgure. Pseudocolors indicate the relative activities of the different TFs. (E) In theNesprin-2-overexpressed ECs, the activation of GAS/ISRE (1), which is shown
as the spot above the top-left of the diagonal pink line, was increased bymore than 3-fold, and the activation of Brn-3 (2), TFIID (3), CDP (4), and CBF (5), which are shown as spots below
the lower-right of the diagonal pink line, was decreased by less than one-third-fold. (F) In the Lamin A-overexpressed ECs, the activation of GAS/ISRE (1), Stat-5 (2), Ets-1/Pea-3 (3), Pbx-1
(4), p53 (5), NFκB (6), Pax-5 (7), IRF-1 (8), GATA (9), NF-1 (10), Stat-6 (11), FAST-1 (12), Smad/SBE (13), Myc/Max (14), and OCT (15), which are shown as spots above the top-left of the
diagonal pink line, was increased more than 3-fold.
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was signiﬁcantly decreased by Lamin A-targeted siRNA transfection
(Fig. 4) under the static condition. These ﬁndings suggested that Nesprin2
and LaminA could modulate the activities of TFs that might participate in
the regulation of EC proliferation and apoptosis.
3.5. Low shear stress induced expression of AP-2 and TFIID and repressed
phosphorylation of Stat-1, Stat-3, Stat-5 and Stat-6
To further clarify the variations in the TFs under shear stress, ECs
were then subjected to NSS and LowSS for 12 h. As shown in Fig. 5, com-
pared to the NSS group, LowSS signiﬁcantly increased the expression of
AP-2 and TFIID, whereas the phosphorylation levels of Stat-1, Stat-3,
Stat-5 and Stat-6 were suppressed. These results revealed that LowSSFig. 4. The effects of Nesprin2 or LaminA RNA interference (RNAi) on the activation of target tra
markedly increased the expression of AP-2 and TFIID under static conditions. (B) LaminA-targe
Stat-5 and Stat-6 under static conditions. The values represent the mean ± SD. * P b 0.05 vs. thdownregulated the expression of NE proteins and then modulated the
activities of their corresponding TFs.3.6. Overexpression of Nesprin2 or LaminA reversed the effects of low shear
stress on the activation of TFs
To better understand the roles of Nesprin2 and LaminA in LowSS-
induced EC proliferation and apoptosis, ECs were transfected with a
Nesprin2 or LaminA overexpression plasmid and then subjected to
LowSS. Comparedwith the pcDNA3.1 (+) control, the expression levels
of AP-2 and TFIID were signiﬁcantly downregulated by Nesprin2 over-
expression, and the phosphorylation levels of Stat-1, Stat-3, Stat-5 and
Stat-6 were elevated by LaminA overexpression (Fig. 6A).nscription factors under static conditions. (A) Nesprin2-targeted RNA interference (RNAi)
ted RNA interference (RNAi) signiﬁcantly decreased the phosphorylation of Stat-1, Stat-3,
e control (n= 5).
Fig. 5. LowSS increased the expression of AP-2 and TFIID and decreased the phosphorylation of Stat-1, Stat-3, Stat-5 and Stat-5 in the ECs compared with NSS. The values represent the
mean ± SD. * P b 0.05 vs. the NSS group (n= 5).
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To elucidate the mechanisms underlying Nesprin2- and LaminA-
regulated EC proliferation and apoptosis, IPA software was used to
investigate the downstream target gene of the TFs revealed above. As
shown in Supplementary Fig. 2, potential networks of AP-2, TFIID,
Stat-1, Stat-3, Stat-5 and Stat-6 were revealed. Genes in these
networks that were important for cellular proliferation and apoptosis
(Supplementary Table 2) were then analyzed by real-time PCR.
Nesprin2 overexpression signiﬁcantly repressed the mRNA level of
GEM, which is the target gene of AP-2, and the mRNA level of FOS,
which is the target gene of TFIID, and increased the mRNA level of
TFIID, which is the target gene of LDLR (Fig. 6B), under LowSS. The over-
expression of LaminA upregulated the mRNA levels of BCL2L1, IRF1,
IFNG and IL4 but decreased the mRNA level of CCND2. All of these
molecules are common downstream targets of Stat-1, Stat-3, Stat-5
and Stat-6 (Fig. 6C).Fig. 6. The effects of Nesprin2 or LaminAoverexpression on transcription factors and target gene
Nesprin2 overexpression,while the phosphorylation levels of Stat-1, Stat-3, Stat-5 and Stat-6we
were signiﬁcantly decreased, while LDLR was increased by Nesprin2 overexpression under Low
CCND2 was decreased by LaminA overexpression under LowSS. The values represent the mean4. Discussion
ECs, by virtue of their unique location in the vesselwall, respond rap-
idly and sensitively to mechanical stimuli caused by blood ﬂow and are
major regulators of cell structure and function. Disturbed and low shear
stress upregulate the proatherosclerotic genes and proteins that pro-
mote the development of atherosclerosis [20]. However, the molecular
mechanisms of the mechanosensing and mechanotransduction of ECs
are still unclear. Our previous proteomic study suggested that LaminA,
which is a type of NE protein, might participate in vascular remodeling
resulting from LowSS [9]. Hence, in the current study, we demonstrated
the effects of NE proteins on EC functions modulated by shear stress.
NE proteins, which form the skeletal structure of the nucleus, have
important roles in maintaining nuclear integrity and in regulating
gene expression and cell functions [19]. Nesprins are a family of spectrin
repeat-containing proteins [21] that localize to the outer part of the NE
and bindwith actin in the cytoplasm [11,12]. It has been suggested thats under LowSS. (A) The expression levels of AP-2 and TFIIDwere signiﬁcantly decreased by
re signiﬁcantly increased by LaminAoverexpression. (B) ThemRNA levels of GEMand FOS
SS. (C) The mRNA levels of BCL2L1, IRF1, IFNG and IL4 were signiﬁcantly increased, while
± SD. * P b 0.05 vs. the control (n= 5).
1171Y. Han et al. / Biochimica et Biophysica Acta 1853 (2015) 1165–1173Nesprins contribute to the structural integrity of the NE by maintaining
the precise separation of the two nuclearmembranes [12] and even nu-
clear positioning andmigration [22]. LaminA is oneof themost common
A-type lamins encoded by the LMNA gene, and it is present in almost all
differentiated cells [23]. It has been reported that mutations in the
LMNA gene lead to the development of several diseases, such asmuscle
dystrophy [24], Hutchinson–Gilford progeria syndrome [25] and cardio-
myopathy [26]. LaminA and Nesprin2 are the core components of the
linker of nucleoskeleton and cytoskeleton (LINC) complex. The LINC
complex connects the nucleoskeleton and cytoskeleton and has a role
in the transfer of mechanically induced signals along the NE into the
nucleus, and its components are thought to function in maintaining nu-
clear and cellular organization as well as signal transduction. A recent
study revealed that mutations in LMNA may modulate the LaminA–
Nesprin2 interaction and cause alterations in the LINC complex [27].
Additionally, it has been reported that the localization and function
of Nesprin2 depend on LaminA [28]. This information suggests
that Nesprin2 might have a close relationship with LaminA. Hence, in
addition to LaminA, we investigated Nesprin2 as a potential mechano-
sensitive molecule in the current study.
Our current study revealed that NE proteins, including Nesprin2 and
LaminA, were sensitive tomechanical stimuli andwere closely involved
in the functioning of ECs. To determine the effects of differentially
expressed Nesprin2 and LaminA on EC functions, their expression was
upregulated by transfecting an overexpression plasmid and knocked
down by target siRNA, respectively. Consistent with the results of the
LowSS application, the repressed expression of NE proteins increased
both the proliferation and apoptosis of ECs, suggesting that the lack of
Nesprin-2 and Lamin A caused by LowSS contributed to EC dysfunction.
ECs are exposed to shear stress on the lumen side and are also
neighbors to vascular smooth muscle cells (VSMCs) on the opposite
side in vivo. Studies have proven that cross-talk and paracrine effects
between ECs and VSMCsmay inﬂuence the response of ECs to hemody-
namic forces andmay affect their function [9,29,30].We also investigat-
ed the role of VSMCs in the expression of the Nesprin2 and LaminA
proteins and EC functions. The current results revealed that VSMCs
had no signiﬁcant effect on NE protein expression in co-cultured ECs
in both the direct contact and the indirect contact models in static or
under shear stress (Supplementary Figs. 3, 4), suggesting that these
proteins in ECs are speciﬁc mechano-sensitive molecules that are not
affected by neighboring VSMCs.
In addition to the well-established role of NEs inmaintaining theme-
chanical stability of the nucleus, the current data suggest that Nesprin2
and LaminA may act as scaffolds to regulate the activities of TFs. TFIID
has been found to be activated by approximately 3-fold following trans-
fection with Nesprin-2-targeted siRNA and to be repressed by less than
0.3-fold following transfection with an overexpression plasmid in ECs.
TFIID is anRNApolymerase II general TF composed of a TATA-boxbinding
protein (TBP) and a group of 13–14 conserved TBP-associated factors
(TAFs) [31]. Previous studies have shown that TFIID mediates the prolif-
eration and differentiation of keratinocytes [32] and has important
effects on cell survival [33]. Combined with our results, the increased
activity of TFIID caused by repressed Nesprin2 might be involved in the
proliferation and apoptosis of ECs induced by LowSS. In addition, our
results suggested that AP-2 was activated after the expression of
Nesprin2 was repressed. The AP-2 transcription factor has a crucial role
in the progression of several human tumors, and its expression has
been shown to contribute to functional changes in several gene products
that are involved in cellular proliferation and differentiation [34].
The activities of Stat-1, Stat-3, Stat-5 and Stat-6 were all signiﬁcantly
decreased in the ECs transfected with LaminA-targeted siRNA and were
increased in the ECs transfected with the LaminA overexpression
plasmid. Stats are a seven-member family, and they initiate the transcrip-
tional activation of different genes and are also the downstream regula-
tors of the JAK/STAT signaling pathway [35,36]. According to their
speciﬁc functions, Stats are divided into two groups. One group includesStat-2, Stat-4 and Stat-6, and the other group includes Stat-1, Stat-3 and
Stat-5. Activated Stat-5 translocates into the nucleus, binds to speciﬁc
DNA response elements, and induces a cascade of cellular responses,
including the upregulation of anti-apoptotic genes and inhibition of cell
proliferation [37]. The activation of Stats revealed in our study suggests
that the repressed expression of LaminA might induce the proliferation
and apoptosis of ECs via the modulation of Stat activation during LowSS.
Further results involving cell proliferation- and apoptosis-associated
genes suggest that AP-2 and TFIID, which are regulated by Nesprin2,
exert their effects by altering the expression of GEM, FOS and LDLR.
GEM is a member of the RGK family of GTP-binding proteins within
the Ras superfamily, and it possesses a ras-like core and terminal exten-
sions and acts as a potent inhibitor of voltage-dependent (VDCC) Ca2+
channels and regulators of cytoskeletal remodeling [38,39]. It has been
reported that overexpression of GEMpromotes EC growth and cytoskel-
etal reorganization [40]. This result is consistent with our observation
that a decreased level of GEM, which is a target of AP-2, repressed EC
proliferation and apoptosis in the Nesprin2 overexpression group
under LowSS. The latest research has suggested that ubiquitinated
Stat-3 has a key role in anti-apoptosis and cellular proliferation by up-
regulating the BCL2L1 gene [41], which is consistent with our ﬁnding
that Stat-1, 3, 5, and 6 contribute to EC proliferation and apoptosis by
cooperation with BCL2L1. In addition, IFNG has been reported to exert
potent antiproliferative and tumoricidal effects in tumor cells [42].
Moreover, CCND2 has been shown to induce DNA synthesis and the
proliferation of cardiomyocytes [43]. Based on our results and the
Ingenuity® Knowledge Base, a network of the relationships between
the target genes and EC functions was revealed. Supplementary Fig. 5
illustrates the effects of thesemolecules on the inhibition of EC prolifer-
ation and apoptosis. In addition,Hay et al. have shown that nuclear tran-
scription factor NF-κB can be activated by shear stress in human
endothelial cells [44], which is in support of our idea that shear stress
induces gene transactivation by certain transcription factors. Taken
together, the altered expression levels of target genes, such as GEM,
FOS, BCL2L1, IFNG and CCND2, are affected by the transcription factors
modulated byNesprin2 or LaminA and participate in the EC dysfunction
induced by LowSS.
Transmission electron microscopy (TEM) revealed that exposure to
both Nesprin2 and LaminA siRNAs resulted in the degradation of the
NE phospholipid bilayer (Supplementary Fig. 6). It has been suggested
that Nesprin2 and LaminA have essential roles inmaintaining NE stabil-
ity and a normal nuclear structure. Brosig et al. [45] have proved that
dominant-negative Nesprin and SUN protein constructs enhance the
transcriptional activities of NFκB C2C12 cells, suggesting that the induc-
tion of nuclear deformation contributes to conformational changes in
chromatin structure and organization and thenmodulates transcription
factor binding or transcriptional processes. The elucidation of the roles
of Nesprin2 and LaminA in the maintenance of the nuclear structure
might help to explain their effects on transcription factors and endothe-
lial functions.
5. Conclusion
The current study has revealed that the NE proteins Nesprin2 and
LaminA are novel mechano-sensitive molecules in ECs. We found that
LowSS suppressed the expression of Nesprin2 and LaminA, which
might have subsequently modulated the activation of different TFs
and regulated their respective genes, ultimately affecting the prolifera-
tion and apoptosis of ECs (Fig. 7). These results provide evidence that
shear stress regulates EC functions through an NE protein-mediated
mechanism and shed light on the role of nuclear skeletal proteins in
mechanotransduction.
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Fig. 7. The schematic diagramof the possible signaling pathways involved in the effects of Nesprin2 and LaminA on the proliferation and apoptosis of ECs in response to shear stress. LowSS
repressed the expression ofNesprin2 and LaminA,which affected the activation of the transcription factorsAP-2, TFIID and Stat-1, Stat-3, Stat-5, Stat-6, and then regulated themRNA levels
of their downstream target genes, ultimately inducing the proliferation and apoptosis of the ECs.
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